Abstract-In personal wireless communications systems, multipath propagation has a significant effect on system design and performance. Signal strength fading caused by destructive interference between multiple replicas of the signal of interest arriving at the receiver over different paths often is the limiting factor in system range/fidelity. Antenna diversity is one technique that can be used to help overcome multipath fading. This paper presents a description of experiments, data processing, and results used to evaluate the diversity performance of three candidate dual-antenna handset configurations: two side-mounted planarinverted F antennas (PIFA's), a back-mounted PIFA with a top-mounted helix, a top-mounted PIFA, and a "flip" monopole. In particular, the indoor industrial, scientific, and medical (ISM) band (902-928 MHz) propagation channel was of interest. These experiments did not include operator proximity effects, and in these tests, the dual-antenna handset remained stationary while the transmitter was moved along predetermined indoor paths. The issue of data normalization for extraction of fast fading behavior from measured data will be addressed, with results showing its effect on observed correlation presented. Also, measured indoor fading distributions are presented and seen to fit the Rician and Rayleigh models well. From the diversity results presented, it is seen that the three proposed dual-antenna handsets yield sufficient decorrelation to warrant consideration for use in diversity systems.
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Evaluation of Personal Communications Dual-Antenna Handset Diversity Performance I. INTRODUCTION I N THE CELLULAR communications environment, shortterm or fast fading due to multipath has a significant impact on the overall system performance. This type of fading occurs when multiple replicas of the signal of interest arrive at the receiver over different paths, thus having different relative amplitudes and phases. The total signal at the receiver is a vector summation of all these individually arriving replicas, the result being an interference pattern which usually contains significant signal fades. One technique to mitigate these shortterm fades is diversity combining in which the signals received over different channels are combined properly to increase the probability the received signal is of adequate strength [1] , [2] .
Manuscript received November 1, 1995; revised November 18, 1996. Antenna diversity is one possible realization of this, where multiple antennas are used to provide the separate channels. This paper summarizes the measured diversity performance of three dual-antenna handset configurations proposed for a cellular transceiver handset [7] , [8] for the industrial, scientific, and medical (ISM) band: two side-mounted planarinverted F antennas (PIFA's), a back-mounted PIFA with a topmounted helix, a top-mounted PIFA, and a "flip" monopole. The diversity performance of these antenna geometries is assessed by determining the power correlation coefficient of the signals simultaneously measured over each of the two antennas located on the handset. In addition to the three dualantenna handsets, as a reference the diversity experiments were performed on two dipole antennas with and element separation.
In this paper, considerable attention is given to the dataprocessing aspects of the diversity evaluation. The different measures of diversity performance are reviewed and related. Effort is also directed at the issue of data normalization and its effect on observed correlation. Finally, fading characteristics of the indoor environment studied are presented and compared to the Rayleigh and Rician distributions.
II. ANTENNA CONFIGURATIONS
The intent of this study was to evaluate the diversity performance of three dual-antenna configurations for a small transceiver handset. Fig. 1 illustrates the configurations considered: (a) top-mounted helix and back-mounted PIFA, (b) side-mounted PIFA's, and (c) top-mounted PIFA and "flip" monopole. The overall dimensions of the handset geometry considered are given in Fig. 1(c) , with the specific antenna locations and dimensions for each design specified in Fig. 1(a)-(c) .
Antenna diversity is accomplished by receiving the signal of interest with multiple antennas which have different reception characteristics, thus, the waveforms received by each antenna are somewhat decorrelated. Note that the effective transmission path for each channel in an antenna diversity system is an integration of the geometric and diffraction ray paths with the pattern/polarization characteristics of the transmit and receive antennas. The difference in reception characteristics between the antennas can be achieved by variation in the polarization, pattern and spatial location of the antennas [9] , [10] . Different field components are affected differently by the same surroundings, thus, polarization can be used to achieve some level of decorrelation. Antennas with different patterns or 0018-9545/98$10.00 © 1998 IEEE identical antennas with different orientations achieve decorrelation because they receive over different effective paths. Also, by merely displacing two antennas, their effective receive paths will be different, resulting in some decorrelation between the signals received by the two antennas. The dual-antenna handsets illustrated in Fig. 1 achieve their overall diversity performance from all three types of antenna diversity: spatial, polarization, and pattern. Consider the topmounted helix and back-mounted PIFA structure shown in Fig. 1(a) . These two antennas are displaced from each other ( 5 cm) and have different pattern and polarization characteristics, resulting in significant decorrelation between the two received signals. Similarly, the dual-side-mounted PIFA configuration illustrated in Fig. 1(b) also achieves pattern and polarization diversity through physical element displacement as well as opposite orientation. These same descriptions also apply to the top-mounted PIFA and "flip" monopole handset of Fig. 1 (c) although in this case a significantly larger element separation is used ( 15 cm).
All the antennas, except the helix, were simulated on the handset using a finite-difference time-domain (FDTD) computer program prior to construction to analyze their performance [7] , [8] . The design goal was to achieve better than a 2 1 voltage-standing wave ratio (VSWR) over the 902-928-MHz bandwidth in addition to good diversity performance. During construction, the structures were modified as required to achieve the optimal impedance match.
III. DATA PROCESSING

A. Correlation Coefficients
In this work, the measure of diversity performance of the proposed antenna configurations used is the power correlation coefficient between the signals received over the two antennas mounted on the handset. The correlation coefficient is a commonly used gauge of diversity and has three different forms: complex signal , envelope , and the power correlation coefficients. One can express the complex signal correlation coefficient as [2] (1) where and are the zero-mean complex voltages at the first and second antenna terminals, respectively, and is the expected value operator. The definitions of the envelope and power correlation coefficients found in [11] are as follows:
where represents the zero-meaned sequence of the power received over the th antenna. In the literature, the most common reference to diversity performance is in terms of the envelope correlation although all three measurements of correlation are related. It is a widely held assumption that in a Rayleigh fading environment [11] , [12] although negative values of have been observed [13] . Both experimentally and analytically, it has been shown that for all practical purposes [11] , [13] .
B. Extraction of Multipath Behavior
The demeaning of the data before calculation of the correlation is important to remove slow fades resulting from propagation losses and, hence, not a function of multipath. During a dynamic measurement of the signals, as the distance and obstacles between the transmitter and receiver vary, the overall strength of all the multipath components will experience similar variations simply due to the changing environment. This long-term or slow fading is not a function of multipath and should be ignored in the diversity computations. This is accomplished by extracting the local mean of the measured data before performing the correlation coefficient computations. By local mean, it is meant a relatively longterm moving average of the observed envelope. Two ways of demeaning the data have been used, and it has been seen that the different techniques will not yield the exact same result [14] . The conclusion in [14] is that when correlation data is presented, the processing technique used must also be specified in order to be able to make any inference between studies.
In this work, the slow fading is assumed to be a multiplication factor of the observed envelope. That is, letting be the observed envelope, the observed envelope local mean which contains the slow-fading information, and the fast-fading envelope, we can relate these terms as (4) Using this assumption, one can extract the fast fading from the observed envelope by simply normalizing it with the local mean.
More care should be given to the issue of the observed envelope local mean. An expression for the local mean, which is just a long-term moving average, is (5) One question that arises is what should be used? For indoor propagation measurements, past work has used measurement lengths from 5 to 20 wavelengths to compute the local means [15] , [16] . Data will be presented on the variation of the computed power correlation coefficient with the duration of the local mean, and it will be seen that the computed results are fairly insensitive to the exact value used.
The measured data was also seen to contain a very fast, but small ripple not associated with short-term multipath fading or path loss. This ripple is considered a measurement error, and it is believed to have been introduced in the digitizing process. To remove this error, a very short-term averaging was performed on the data. The number of data samples averaged to smooth the experimental noise was varied from one to nine, and no strong effect was observed on the computed correlation. For the correlation results shown in this work, a three-point short-term averaging was used for smoothing. Details on the effect the short-term averaging had on the computed correlations can be found in [17] .
C. Power Correlation Coefficient Calculation
As discussed below in the experimental setup section, in these measurements the actual values recorded during the experiments were the power received, expressed in decibels relative to 1 mW (dBm), by each antenna. The recorded data were converted to milliwatts before the power correlation coefficients were computed. That is, the discretized power envelopes were computed from the measured data as , where is the recorded data (in dBm) on the th channel. Before the recorded data were converted to a milliwatt scale, the short-term averaging was performed to remove the experimental noise since it was believed the noise was introduced in the digitizing of the received power in dBm.
The demeaning of the data was performed on the data in the millimeter scale. From the normalized power envelope sequences , the expression used to compute the power correlation coefficients was (6) where is the number of discrete data points recorded during each test.
IV. EXPERIMENTAL SETUP AND PROCEDURE
A diagram of the equipment setup used to conduct the correlation measurements of the proposed dual-antenna handset configurations is shown in Fig. 2 . The transmitter for these tests consisted of a sweep oscillator (HP8350B sweep oscillator) connected to a dipole antenna. The source was operated in single-frequency mode at 915 MHz. The source output power was adjusted to 17 dBm, and the reflection coefficient of the transmitting dipole was measured to be under 10 dB at the frequency of interest. On the receiver end, the antenna geometries described in Section II were used as antennas 1 and 2. For example, when testing the handset shown in Fig. 1(a) , the topmounted helix would be antenna 1 and the back-mounted PIFA would be antenna 2. The outputs of these antennas were amplified (Avantek 0.5-2.0-GHz amplifiers) and then directed into separate spectrum analyzers (HP8592A spectrum analyzers). Preamplification of the signals was performed to increase the measurable fading range of the multipath signals. The spectrum analyzers were put in zero span mode and centered on 915 MHz for which the video output signals were proportional to the received power in dBm. The analog video output signals of the spectrum analyzers were then digitized and the data recorded on a personal computer. The digitizing rate used was approximately 72 samples per second per channel.
For each test run, the receiver was located in a typical laboratory room in the Engineering IV building on the University of California at Los Angeles (UCLA) campus while the transmitting antenna was moved along one of six predetermined paths at a constant speed. The paths were chosen such that there was no line-of-sight between the transmitter and receiver. Results from two of the original six paths are not included in this paper because their fading characteristics were considered corrupted. The fading probability distributions for the two paths eliminated from this paper differed considerably from expectations and the other four paths. One of the paths eliminated from this paper exhibited the presence of a dominant propagation path, and the fading data from the other path eliminated from consideration experienced clipping of the deep fades by the noise floor of the experimental setup. Of the four paths considered most relevant, two were located on the same floor as the receiver (they will be referred to as paths A and D), and two were located on the floor below the receiver (they will be referred to as paths B and C). Figs. 3 and 4 indicate the four paths of interest in this As mentioned, in these experiments the dual-antenna receiver remained stationary while the transmitter was moved. This scenario is opposite to that of actual interest since it is intended the user will move the dual-antenna transceiver and the base station will remain stationary. The experiments were conducted with the aforementioned procedure because logistically the dipole/sweep oscillator transmitter was easier to move compared to the dual-antenna handset/two spectrum analyzer/personal computer receiver setup. In the indoor scenario of interest in this study, both the base station and mobile unit are located in local environments exhibiting the same type of close proximity/uniformly distributed multipath scatterers. Thus, although the test procedure used does not exactly replicate the situation of interest, it is believed to be statistically similar.
In these experiments, the effect of the operator's presence on the diversity performance of the handsets was not included. In [7] and [18] , FDTD computations indicated that close proximity of the operator's head to the radiating elements significantly affects the handset's far-field radiation, which should, in turn, affect the diversity performance of the dual-antenna configurations considered in this work. The sensitivity of the handset's radiation characteristics with respect to its exact location and orientation relative to a head made repeatability and comparison between separate data sets difficult. Because in this work it was intended to make relative comparisons between the different dual-antenna configurations, the operator's presence was excluded from the experiments. Additional comments on the effect of the operator's presence on diversity performance of these handsets are made in Section VI of this paper.
V. EXPERIMENTAL RESULTS
A. Experimental Setup and Procedure Evaluation
For reference, initial diversity tests were performed with two vertically oriented dipole antennas. The instrumentation was set up as described in Section IV, with two dipoles used as antennas 1 and 2. Experiments were performed on the four test paths described in Section IV for dipole spacings of and (at 915 MHz). After testing the dual-dipole antenna configurations, the dual-antenna handsets described in Section II were tested. Fig. 5(a) is a plot of raw data recorded for test path A from one of the two side-mounted PIFA's on the handset illustrated in Fig. 1(b) . In Fig. 5(a) , both the longterm shadow/path-loss fading and short-term multipath fading can be seen. Fig. 5(b) is a plot of the same data segments after the local mean (calculated over a six-wavelength period) was extracted. Fig. 5(a) and (b) is representative plots of the observed fading behavior.
B. Fading Distributions
A common model for indoor short-term fading is that it follows either a Rician or Rayleigh distribution [19] . In a pure multipath environment, where many equal amplitude and uniformly distributed phase replicas of the transmitted signal arrive at the receiver, the short-term fading envelope will have a Rayleigh probability density function (PDF) (7) where is the mean signal power and is the shortterm signal power. However, when there is line-of-sight, or at least a dominant specular component, the short-term fading envelope will have a Rician PDF (8) where is the zero-order modified Bessel function of the first kind, is the mean signal power, is the shortterm signal power, and is the power of the dominant component. Note that the Rayleigh distribution is a special case of the Rician distribution when A commonly used notation for the dominant to multipath signal power ratio for the Rician distribution [20] is dB (9) As an example of the fading behavior experienced on the selected paths, consider the data collected with the two side-mounted PIFA handset configuration, shown in Fig. 1(b) , for the four paths of interest. Figs. 6-9 contain plots of the cumulative distribution functions (CDF's) for the signal received by one of the dual PIFA's for data sets from each of the paths (the local mean used to normalize the data was computed over a six-wavelength region). Also, on each plot is the best fit to a theoretical CDF in addition to a true Rayleigh CDF for comparison purposes. The best fit to a theoretical CDF was determined in the minimum mean-squared error sense between the measured CDF's and true Rician CDF's for values between 5 to 15 dB in steps of 0.5 dB. A true Rayleigh CDF was also used in the test. In [17] , similar CDF plots are presented for all the data sets recorded. Table I , it can be seen the paths of interest in this study exhibit strong multipath behavior (either a true Rayleigh or a Rician with a small value of was the best fit). In a different set of experiments, the coherence bandwidths of the indoor channel at two locations on the paths of interest were measured to be less than 2 MHz. Details of this indoor coherence bandwidth study can be found in [17] .
C. Computed Power Correlation Coefficients
Using (6), the power correlation coefficients for the data sets recorded in the experiments were determined. Table II lists the power correlation coefficients computed from the data sets for the dual-side-mounted PIFA handset recorded over the four paths of interest. In this table, the different columns represent different test paths, and the different rows correspond to the period used in the calculation of the local mean. The length used in the local mean determination was varied from approximately to In [17] , additional tables are presented for all the data sets recorded. From the data in Table II , it can be seen that the computed values of the correlation coefficient are fairly insensitive to the different demeaning periods used. Also note that negative values of were recorded, which is inconsistent with the assumption , but has been previously observed experimentally [13] . Of all the negative correlation coefficient recorded, the largest number in absolute value was 0.0902, with most of the negative values being much closer to zero. These very small negative correlation values could potentially be an artifact of the finiteness and discreteness of the data sequences from which they were computed. Table III lists the computed correlation coefficients for the five different dual-antenna configurations noted earlier on each of the four test paths of interest. The data shown in Table III assumes a six-wavelength demeaning length of the raw data. From Table III , one can see all three proposed dualantenna handset designs achieve decorrelations approximately equal to that of two vertically orientated dipole antennas with of horizontal separation. Note that the reported decorrelation performances for the handsets were achieved with antenna separation of approximately for both the top-mounted helix/back-mounted PIFA and dual-side-mounted PIFA handsets and for the top-mounted helix and "flip" monopole handset.
In this work, the mean effective gains for the antennas on the proposed handsets were not measured. A complete benefit comparison of the proposed dual-antenna handsets relative to horizontally separated dipole antennas requires consideration of the mean effective gains of the radiating elements in addition to the antenna correlation. For the case of equal mean effective gains, it is known that in Rayleigh fading environments the majority of two-branch diversity gain can be obtained with branch decorrelations of 0.2 and less [1] , [11] . Based on the values of the power correlation coefficient listed in Table III , the three proposed dual-antenna handsets achieve most of the theoretical two-channel diversity gain. 
VI. OPERATOR PROXIMITY EFFECTS
As noted in Section IV, in these tests no operator was in close proximity to the handset under test. Computations have shown the operator's presence can significantly change the polarization and pattern of the far-field radiation [7] , [18] . For the three dual-antenna configurations considered, each antenna's orientation with respect to the head and hand is different, thus, the depolarization and pattern distortion of each antenna's radiation caused by the head and hand would be different. It is believed this effect would not result in increased correlation coefficients for each of the three dualantenna configurations considered. Note that although it is believed the operator's presence will not increase the elements' correlation, their mean effective gains will decrease due to absorption in the body tissue [7] , [18] . Study of the effect the operator's presence has on the diversity performance of multiple-antenna configurations is left for future work. VII. SUMMARY In this paper, the diversity performance measurements of three proposed dual-antenna handset configurations were discussed: two side-mounted PIFA's, a back-mounted PIFA with a top-mounted helix, a top-mounted PIFA, with a "flip" monopole. The indoor 902-928-MHz propagation channel was studied, with both single-floor and floor-to-floor measurements in an office building of modern construction. Detailed descriptions of the experimental setup, procedures, and data processing were presented. Indoor fading distributions of the observed signals were shown and seen to fit the Rician and Rayleigh models. Results were also presented on the issue of signal normalization and its effect on computed power correlation coefficients. It was observed that the calculations were fairly insensitive to the exact normalization period used.
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